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Fig. 1.7 Information flow of organ model-based control




Fig. 1.8 Robotic needle insertion assisted by organ model based control





6: pectoralis major muscle
7: rib
4: mammary duct
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Fig. 1.11 1DOF spring model
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研究背景 ・ 先行研究 ・ 研究目的 ・ 提案手法概論
















 感度解析を用いた検証  分布のモデル化  分布の最適化方法の構築
模擬臨床環境下における提案手法の評価実験












Fig. 1.15 Outline of the thesis























































































*1 ?????? 0:1Hz?1:0Hz?4:0Hz ?????? [3] ?????????????????DCa ? ductal


























Fig. 2.1 Elastic modulus of the dierent components of breast tissue [3]
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erence method, FD????????boundary element method, BEM???






*2 Fig. 2.2??????????? [160]??????

































































































































































































































































??? T(n) ??? S ????????????n?????????????????V ?
?????????? T(n) ???????? ?????
T(n) =   n (2.2)
???????????????????????????????????????????
u¨ = r +b (2.3)
??????????????????????????????????????????
?????????????????????????????






















convention????????????? i j ??????????????Kronecker delta??




???????G()? E? ? 3??????????










???????? E???? G?????? K?????? ? 4????????????
????????, elastic modulus?????
??????????????????????????? E???? G?????? K?
?????  ???????????????????????????????????
?????????????????????? 4 ??????????????????















*3 ????????????????????????? = 0:49??????
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???????????????????????????????(2.3)???? u¨ = 0??
???
r  = 0 (2.13)
?????????
????????????????????????????????????????
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Fig. 2.4 Triangle element (2D) Fig. 2.5 Tetrahedral element (3D)
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(2.20)
????????e ??? e ????????? Lamé???????(2.7)???? (2.8)
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????? e ?????????????????????????? i????????
? mei = (Eei ; ei )> ??????Kei ? mei ??? Kei = Kei (mei )????







M = (me1>; : : : ;mep>)> ??????K ?M??? K = K(M)????
????????????????????????????????????????
F = K(M)U (2.24)
????q?????????????F = ( f 1; : : : ; f q)> ??????????? f j ??? j
?????????????U = (u1; : : : ;uq)> ??????????? u j ??? j ????
??????????? Neumann???????????????? Dirichlet??????
??????????????????????????? U ????????  ????





















?????????????????????????? U f em ?
U f em = U
f em
 (K(M); F) (2.27)
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????????? X ??????????????
 = X() (2.28)
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????????????????????????????design variables??????
?????????????cost function????? objective function??????????
??????????????*5???????????????????????????
???????? C(),???? (n?????)?  = (1; : : : ; n)> ??????








g j()  0 ( j = 1; : : : ;m) (2.31)
hk() = 0 (k = 1; : : : ;m0 ) (2.32)






































? (2.34) ???????????????????? Fig. 2.8 ????????? ˆE(;) ?
???????  ?????????????????????????????????
?????model manifold???????????????????(2.34)????????


















Fig. 2.8 Cost function and model manifold
??M????
M =M( ˆE(x;)) (2.36)
???????????(2.27)???
U f em = U
f em
 (K(M); F) (2.37)
= U f em (K(M( ˆE(x;))); F) (2.38)
????
????? (2.34) ? (2.35) ???? (2.38) ????????????????????
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Fig. 2.10 Optimization framework for the elasticity distribution (b)
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(A) ???????????????? F ????????????? E(x) ?????
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? 1521???6912??????????????????????? Fig. 3.3??????
????????????????????????Fig. 3.3 ?????? 1152 ??x ??
12???y?? 12???z?? 8???????????????????? i? Fig. 3.4?
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 = (E1; : : : ;En)> (3.2)
????????????????? Fig. 3.6?????????????????????












Fig. 3.3 Finite element mesh and subdivided area condition for the sensitivity analysis
? F???????????????????????????







????????? i ???? Ei ?????????????????????????
???
????????????????????????? E = 5kPa ?????????
58 ? 3? ??????????????????????????
6
8
Fig. 3.4 A subdivided area
Fig. 3.5 The deformed state of the finite element analysis
3.2?????????????????? 59
Area i
Fig. 3.6 Division of FEM mesh
???????? i ??????? Ei +Ei ????????????????????
Ei=Ei = 0:1????
3.2.3 ????
????????????????Fig. 3.7???? Fig. 3.8?????? x??????
yz????????????????????Fig. 3.9????????? z????? (x =
44 mm, y = 44 mm)?????????????????????
3.2.4 ??
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60 ? 3? ??????????????????????????
Fig. 3.7 Results of sensitivity analysis (1/2)
3.2?????????????????? 61
Fig. 3.8 Results of sensitivity analysis (2/2)
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???? Fig. 3.10, Fig. 3.11????
Krouskop ???????? [3] ??????????????????????????













Fig. 3.10 Specifications of the tissue phantom
3 ????????????????????????????????????????
????????????????KE-1603 A/B, KF-96-50CS, Shinetsu Silicone Co., Japan?
??????????????????????????????????????AR-550,
TA-Instrument, USA??????????????????????? Fig. 3.12?????
????????????????????????????? Fig. 3.12? (2.10)????
?????????????????????? 2:41101 kPa? 8:9 kPa????
????????????????????????????? 5??????????
???????????????? 3?????????????Fig. 3.10????????
?????????????? d?????????d = 18mm;d = 24mm;d = 30mm????
?2????????
?? 3??????????????????????????????????????
(Fig. 3.13)???????MICRO 5/50-SA, BL AUTOTEC Ltd., Japan???????????
?????????????????????????????? 3.14????
?????????????????????????? Fig. 3.15??? 49??????
????????????? 20 mm?????????? 5??????????????
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Fig. 3.12 Tissue phantom properties







Fig. 3.13 Our experimental setup
?????????
3.3.3 ????


































Fig. 3.14 Connection of the experimental setup











































































Fig. 3.18 The reactive force map (Tumor area depth: 30 mm)
70 ? 3? ??????????????????????????
















































???????z(x; Z) = zi(x 2
i)?????? (zi;
i)????? Z ????????
??? 2?z(x) = f (x;w)???????? w???????????????????
f (;w)????????
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?????????????radial basis function network?RBFN:????????????
??????????????????????????????RBFN?????????
???? xc???????????????? radial basis function?RBF:????????
??????????????????? RBF??????????????? [168–170]?






?????????k  k? 2???????????????wi ? i???????????
?????????(r)? r  0???????????????? (r)?????????
74 ? 4? ???????????????????
Fig. 4.2 Radial basis function (Multiquadrics) Fig. 4.3 Radial basis function (Gaussian)
Fig. 4.4 Radial basis function (Cubic) Fig. 4.5 Radial basis function (Thin plate spline)
???????????
1. ????????? (shape parameter)c ????????????? Multiquadrics ?
(c(r) =
p
1+ (cr)2)?Gaussian? (c(r) = e (cr)2 )???
2. ?????????? (parameter-free)????? Cubic? ((r) = r3)?Thin plate spline
?TPS?? ((r) = r2 logr)???
2 ???????? Multiquadrics ??Gaussian ??Cubic ??TPS ?? RBF ??????


























???????????????? [161, 166, 167]?
?????????????????2?????????????3?????????
???????????
?????????????? 4??????????????????? pi = (xi;yi)>; (i =
1;2;3;4)??? (Fig. 4.8)?????????????????( 1; 1); (1; 1); (1;1); ( 1;1)?
76 ? 4? ???????????????????
1 i n
w1 wnwi
Fig. 4.7 Elastic modulus distribution using radial basis function network (2D)
?? (Fig. 4.9)???????????????????????????????????
?????? (x;y) 7! (;)???????????????
(x;y) = a1+a2x+a3y+a4xy (4.3)
(x;y) = b1+b2x+b3y+b4xy (4.4)
??????????? 4??????????????
v = Pa (4.5)
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78 ? 4? ???????????????????
???????????
a = P 1v (4.12)
b = P 1w (4.13)
??????? a; b???????(4.3)???? (4.4)??? (x;y) 7! (;)???????
????
??????????????????????????????? (;) 7! (x;y)???
????????????
x(;) = c1+ c2+ c3+ c4 (4.14)
y(;) = d1+d2+d3+d4 (4.15)
????????????????????????????????????????? Ni
??????
N1(;) = 14(1  )(1 ) (4.16)
N2(;) = 14(1+ )(1 ) (4.17)
N3(;) = 14(1+ )(1+) (4.18)











??? (x;y) 7! (;)???? (;) 7! (x;y)?????????????????????
RBFN f cartesianRBFN ()?????????? RBFN f naturalRBFN ()????
f cartesianRBFN (x;y) = f naturalRBFN ((x;y);(x;y)) (4.22)
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Fig. 4.10 Center of element (2D triangle element)
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??????????????? Fig. 4.10?Fig. 4.11????
???????? xCoEi ????????? i ???????? E
e
i ?????????
80 ? 4? ???????????????????
???
Eei = ˆE(xCoEi ) (4.25)



































































































Source image Warped image
Fig. 5.1 Image deformation usig FEM
?1????????????????
??????????











??????????????????? (non-rigid transformation method) ???????
?????????? Thin Plate Spline (TPS)??????????? [171–176]?????
??????????????? [174]?????
TPS?????????????????????????????? x????????
x0 ?????????x? x0 ? TPS???????? x0 = (x;Q)??????????




???????????a0; Ax ??????? (ane transformation) ??????????
???wi; qi ???????? i?????????????????U()? thin plate spline
????????????????? Q = (q1; : : : ; qp)> ????????????a0; A;wi ?
Q????????TPS???????????? B????????














????????? T : (x;y;z) 7! (x0 ;y0 ;z0 )??????????????????????
????????????????????? (rigid registration)?????????
T(x;y;z) =






















 = arg max

S(Iw(); Ir) (5.3)






 Cross Correlation (CC:????)
 Normalized Cross Correlation (NCC:???????)
 Mutual Information (MI:?????)
 Normalized Mutual Information (NMI:????????)
 Normalized Entropy Cross Correlation(NECC)
 Sum of Squared Dierences (SSD)
 Mean Square Error (MSE)
 Gradient Correlation (GC)
????? [177–183]???????????(5.3)???????????????????
???????????????????????????? NCC?MI?NMI ?????
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Reference imageSource image
Warped images from the source with different parameters
Subtractions between the reference and the warped images
Similarity criteria+













C() =  S(Iw(); Ir)+Cr()+Cp() (5.5)







(i  L)2 (i < L)
0 (L  i  U )
(i  U )2 (i > U )
(5.8)
????S??? 5.3.4???????????????????????????(5.5)??






???????????  ?????????????????  ???????????
??????????????????????????????????????????
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1. Downhill Simplex Method





???????Conjugate Gradient Method?Newton Method?Quasi-Newton Method???
????hill-climbing?????????????????????????????????
90 ? 5? ?????????????????????















































x (IA(x)  ¯IA)2Px (IB(x)  ¯IB)2 (5.9)
????IA(x); IB(x)??????? A;B?? x?????? (intensity)??????? ¯Ii ?
???????mean value?????MI ??? NMI ???????? SMI ;SNMI ????










































































































































































































































































































































































94 ? 5? ?????????????????????
?????????? [181]?
SMI(A;B) = H(A)+H(B) H(A;B) (5.10)
= H(A) H(AjB) (5.11)
= H(A) H(BjA) (5.12)
SNMI(A;B) = H(A)+H(B)H(A;B) (5.13)
????H(A);H(B)????? A;B????????entropy??H(A;B)? A? B?????


















2. ???????? [188]????????? X??????????????
????????????????????????????????????????
????????????????????????????????????????








Fig. 5.9 Test image (Liver) Fig. 5.10 Normalized histogram of test image
Fig. 5.11 Test image (Breast) Fig. 5.12 Normalized histogram of test image
Fig. 5.13 Test image (Lena) Fig. 5.14 Normalized histogram of test image
96 ? 5? ?????????????????????
Fig. 5.15 Test image (Mandrill) Fig. 5.16 Normalized histogram of test image
Fig. 5.17 Test image (Peppers) Fig. 5.18 Normalized histogram of test image
Fig. 5.19 Test image (Splash) Fig. 5.20 Normalized histogram of test image
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Fig. 5.21 Deformed test image (Liver) Fig. 5.22 Deformed test image (Breast)





??0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.05, 1.1, 1.15, 1.2????
?4??????????
?????????????????????????????????????????




????????????????? Fig. 5.21?? Fig. 5.26??????????????
???????????
6????????????????????????????????????????




98 ? 5? ?????????????????????
Fig. 5.23 Deformed test image (Lena) Fig. 5.24 Deformed test image (Mandrill)
Fig. 5.25 Deformed test image (Peppers) Fig. 5.26 Deformed test image (Splash)
? ROI??????????????????
6????????????????????????????? NCC?MI?NMI???
???????? Fig. 5.39?? Fig. 5.44???????????????????????
?????????????????? 0????????????????
S(Iw(); Ir) = S(Iw(); Ir) S(Ir; Ir) (5.17)
????
5.4.4 ??
Fig. 5.39?? Fig. 5.44???? NCC?MI?NMI??????????????????
???
5.4?????????????????????? 99
Fig. 5.27 Defromed images and their subtracts with the reference image (Liver, 1/2)







100 ? 5? ?????????????????????
Fig. 5.29 Defromed images and their subtracts with the reference image (Breast, 1/2)







Fig. 5.31 Defromed images and their subtracts with the reference image (Lena, 1/2)
Fig. 5.32 Defromed images and their subtracts with the reference image (Lena, 2/2)
102 ? 5? ?????????????????????
Fig. 5.33 Defromed images and their subtracts with the reference image (Mandrill, 1/2)
Fig. 5.34 Defromed images and their subtracts with the reference image (Mandrill, 2/2)
5.5?????? 103
Fig. 5.35 Defromed images and their subtracts with the reference image (Peppers, 1/2)
Fig. 5.36 Defromed images and their subtracts with the reference image (Peppers, 2/2)
104 ? 5? ?????????????????????
Fig. 5.37 Defromed images and their subtracts with the reference image (Splash, 1/2)
Fig. 5.38 Defromed images and their subtracts with the reference image (Splash, 2/2)
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Fig. 5.39 Comparison of similarity metrics (Liver)
Fig. 5.40 Comparison of similarity metrics (Breast)
106 ? 5? ?????????????????????
Fig. 5.41 Comparison of similarity metrics (Lena)
Fig. 5.42 Comparison of similarity metrics (Mandrill)
5.5?????? 107
Fig. 5.43 Comparison of similarity metrics (Peppers)
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??????????????????? Fig. 6.3 ???????????????? c ?
c = 2 ??????????????????????????????? x ??????
[20;80]?y?????? [30;85]????????????????????
6.3???? 111




 = (w1; : : : ;w16)> (6.3)
????????????????????????????????????????
wi = wi=wscale (6.4)
wscale = 1:0104 (6.5)
????
?4??????????
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Fig. 6.3 Reference image Fig. 6.4 Warped image









Fig. 6.6 The best possible RBF for the correct
distribution
Fig. 6.7 The initial estimated distribution
6.4 ????
















114 ? 6? ?????????????????????
Fig. 6.8 Estimation process for the distribution (1/3)
6.6?????? 115
Fig. 6.9 Estimation process for the distribution (2/3)
116 ? 6? ?????????????????????
Fig. 6.10 Estimation process for the distribution (3/3)
6.6?????? 117
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???? (length: 92 mm, width: 92 mm, height: 92 mm). ?????? Fig. 7.1?Fig. 7.2?Fig.
7.3????
?????
???????? (A)??? (B)?????????? Table 7.1????
7.3???? 121
Fig. 7.2 The phantom in the experiment (Cut plane)
92
20
(a) Top view (b) Front view







Area (A) Area (B)
57
Fig. 7.3 The phantom in the experiment (Size)
122 ? 7? ??????????????????????

















(A)??? (B)??????????GA = 17:9kPa?GB = 7:8kPa??????????(2.10)




???????????????????????? (MICRO 5/50-SA, BL AUTOTEC Ltd.,



































Figure 7.8 ? Fig. 7.9 ??????? pre-deformation ? post-deformation ???????
??????????????????????????? (ROI, region of interest)????













































Fig. 7.7 The experimental setup (connection diagram)
126 ? 7? ??????????????????????
Fig. 7.8 Original ultrasound image for the
pre-deformation
Fig. 7.9 Original ultrasound image for the
post-deformation
Fig. 7.10 ROI of the pre-deformation (source
image)














Fig. 7.12 The FEA condition (regional condition) Fig. 7.13 The FEA condition (mesh data)
Fig. 7.14 The post-deformation state in the experiment (phantom)
128 ? 7? ??????????????????????
Fig. 7.15 The post-deformation state in the experiment (FEA software)






??????????????  = Z = (EA;EB)> ???????????????
??????????????????????????????? (E0A;E0B) ??
(20kPa;20kPa); (40kPa;40kPa); (60kPa;60kPa); (80kPa;80kPa)????
??????????? NCC????????????? (5.5)???????????
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130 ? 7? ??????????????????????
Fig. 7.16 The estimated Young’s modulus and the cost value (Initial value: 20 kPa)
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Fig. 7.17 The estimated Young’s modulus and the cost value (Initial value: 40 kPa)
132 ? 7? ??????????????????????
Fig. 7.18 The estimated Young’s modulus and the cost value (Initial value: 60 kPa)
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Fig. 7.19 The estimated Young’s modulus and the cost value (Initial value: 80 kPa)
134 ? 7? ??????????????????????
Fig. 7.20 Subtraction images in the estimation process (Initial value: 20 kPa)
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Fig. 7.21 Subtraction images in the estimation process (Initial value: 40 kPa)
136 ? 7? ??????????????????????
Fig. 7.22 Subtraction images in the estimation process (Initial value: 60 kPa)
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Fig. 7.23 Subtraction images in the estimation process (Initial value: 80 kPa)





































































































RBFN ???????????? Franke-type function [170] ? RBFN ????????
???????????????Franke-type function?????????????
f Franke(x;y)= e 0:1(x2+y2)+e 5((x 0:5)2+(y 0:5)2)+e 15((x+0:2)2+(y+0:4)2)+e 9((x+0:8)2+(y 0:8)2) (A.1)
144 ? A? Radial Basis Function Network???????????????
Fig. A.1 Node distribution of the RBF net-
work (N = 16)
Fig. A.2 Node distribution of the RBF net-
work (N = 36)
Fig. A.3 Node distribution of the RBF net-
work (N = 64)
Fig. A.4 Node distribution of the RBF net-
work (N = 100)
Fig. A.5 Node distribution of the RBF net-
work (N = 144)
Fig. A.6 Node distribution of the RBF net-
work (N = 196)
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Fig. A.7 Franke-type function
????????????????????????? 2????????????????
??????????????Franke-type function????????? Fig. A.7????
????????RBFN ??????? 6 ?????????????????? Fig.
A.1?Fig. A.2?Fig. A.3?Fig. A.4?Fig. A.5?Fig. A.6 ????????????????
??????? RBFN ??? Franke-type function ???????? Fig. A.8?Fig. A.9?
Fig. A.10?Fig. A.11?Fig. A.12?Fig. A.13 ????????????? Multiquadrics ?
c(r) =
p
1+ (cr)2 ????RBFN ??????????????????????????
???????????? [168–170]?????????? N ???????? f Franke(x;y)
? RBFN?????????? f RBFNN (x;y)????????????????? 10000??
?????????? ei = f RBFNN (xi;yi)  f Franke(xi;yi)????e = (ei)??????????
? kek1 ??????????N?kek1????????????????????????
????? c????? Table A.1????
146 ? A? Radial Basis Function Network???????????????
Fig. A.8 RBF network for Franke-type func-
tion (N = 16)
Fig. A.9 RBF network for Franke-type func-
tion (N = 36)
Fig. A.10 RBF network for Franke-type func-
tion (N = 64)
Fig. A.11 RBF network for Franke-type func-
tion (N = 100)
Fig. A.12 RBF network for Franke-type func-
tion (N = 144)
Fig. A.13 RBF network for Franke-type func-
tion (N = 196)
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Table A.1 Conditions and the norm results of the RBFN approximation












?????????????? thin plate spline (TPS)?????????? [173,174,194]?






? B.2?? B.3??????? 2????? 3???????? TPS?????????
B.2 2???????? Thin Plate Spline???
2???? (xi;yi)????????????? vi ????i = 1; : : : ; p????? v????
????(xi;yi) 7! (x0i ;y
0




i )????? vi ???????
???????????????????(xi;yi)?????????? (not collinear)???











































Fig. B.1 Coordinate transform using 2D thin plate spline interpolation
????????????U()? r  0??????
U(r) = r2 logr (B.3)
??????????? (Fig. B.2)? f (x;y)? 2???????????
pX
i=1






wiyi = 0 (B.5)














????Ki j = U(k(xi;yi)  (x j;y j)k)????P? i????? (1; xi;yi)?????????O
? 33????????o? 31??????????w? v??????? wi;vi ???
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Fig. B.2 Thin plate spline radial basis function U(r) = r2 logr
?????????a??? a1;ax;ay ????????????

























?????3 ???????? TPS ?????????????????????????
???????TPS??? f (x;y;z)?




????????????U()? r  0??????
U(r) = r (B.9)
152 ? B? Thin Plate Spline??
?
U(r) = r3 (B.10)
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???????? BLAS?Basic Linear Algebra Subprograms??????BLAS??????
?????????????????????????CPU ??????? BLAS ???
??????????? CPU????????????????????????????
?????????????????????????????????????????




LAPACK?????? Intel Math Kernel Library?Table C.2???????
154 ? C? ??????????




Quadcore Intel® Xeon® Processor X5472
(2x6MB L2 chache, 3.00GHz, 1600MHz FSB)
Memory 16GB (4GBx4) Quad-channel DDR2-SDRAM Memory (800MHz, ECC)
GPU NVIDIA® Quadro® FX 4600 (768MB, DDR3)
Storage 500GB SATA 3.0Gb/s NCQ HDD (7200rpm)x4
OS Windows® XP Professional x64 Edition(64bit)
Table C.2 Libraries to build our software
Software/Library Version Usage
C++ Intel® C++ Intel®64Compiler Professional 11.0.061 C++ Compiler
Intel® Math Kernel Library 11.0.061 Linear algebra (BLAS, LAPACK)
Boost ublas 1.44.0 Matrix calcuration
Boost python 1.44.0 Seamless interoperability between C++and Python
GLFW 2.6 Rendering OpenGL
Python Python 2.6 (64 bit) Programming laungage
Numpy 1.5.0 Linear algebra
Scipy 0.8.0 Optimization




















Fig. C.1 Diagram of our FEA software
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cm, Milli-Q, Millipore, USA)
2. ???? (Gelatin, 077-03155,??????, Japan)
3. ????? (Sucrose, 193-00025,??????, Japan)
4. ????? (Cellulose, 593-36853,??????, Japan)
5. ???? (Citric acid, 038-06925,??????, Japan)
6. ???? (Pectin, P0024,????, Japan)







approx. 80 degrees C




(S) + (P) + (G) solution
water evaporation
(concentration tuning)





(S) + (P) + (G) + (C) gel
(PH adjustment)
(S) + (P) + (G) + (C) solid
molding and cooling
approx. 5 degrees C
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